It is well known that nanostructured metals can exhibit significantly improved properties compared to metals with conventional grain size. Unfortunately, nanocrystalline metals typically are not thermodynamically stable and exhibit rapid grain growth at moderate temperatures. This severely limits their processing and use, making them impractical for most engineering applications. Recent work has shown that a number of thermodynamically stable nanocrystalline metal alloys exist. These alloys have been prepared as powders using severe plastic deformation (e.g. ball milling) processes. Consolidation of these powders without compromise of their nanocrystalline microstructure is a critical step to enabling their use as engineering materials. We demonstrate solid-state consolidation of ball milled copper-tantalum nanocrystalline metal powder using cold spray. Unfortunately, the nanocrystalline copper-tantalum powder that was consolidated did not contain the thermodynamically stable copper-tantalum nanostructure. Nevertheless, this does this demonstrates a pathway to preparation of bulk thermodynamically stable nanocrystalline copper-tantalum. Furthermore, it demonstrates a pathway to additive manufacturing (3D printing) of nanocrystalline copper-tantalum. Additive manufacturing of thermodynamically stable nanocrystalline metals is attractive because it enables maximum flexibility and efficiency in the use of these unique materials.
Issued by Sandia National Laboratories, operated for the United States Department of Energy by Sandia Corporation. SEM image (top left) and four EDS maps showing the surface of the copper-tantalum deposit prepared using the first batch of cryomilled powder. The sample is primarily copper with discrete regions of tantalum. .14 Figure 7 Bright field TEM image taken using the CM30 microscope, showing the microstructure of the cold spray CuTa deposit using the first powder batch. Importantly, the CuTa cold spray deposit contains over 2 microns of continuous film (primarily copper) clearly demonstrating particle consolidation. Figure 10 EDS spectrum from the region shown in Figure 9 . The Tantalum peak, while real, is extremely small compared to the copper peak indicating that very little Ta is present in this region of the sample. 
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INTRODUCTION
Nanostructured materials are of widespread interest to the scientific community because of the unique properties offered by these materials [1, 2] . The high grain boundary content of nanocrystalline materials results in grain boundary properties contributing significantly to the bulk material properties. Dislocation behavior in nanocrystals is different from larger crystals and can result in significant strengthening of nanocrystalline metals [3, 4] . One of the most challenging problems associated with nanocrystalline materials is the consolidation of these small powders into larger shapes that can be used for practical applications [2] .
Here we describe an initial experiment to demonstrate solid state consolidation of a Copper-Tantalum nanocrystalline metal. Copper-Tantalum alloys are of specific interest because they have been shown to exhibit a thermodynamically stable nanocrystalline microstructure [4, 5, 6] . Importantly, a dispersion of tantalum atomic clusters in copper is thought to be necessary for thermodynamic stabilization of copper-tantalum cryomilled alloys, Figure 1 , [6] . Thermodynamic stabilization is thought to occur in such nanostructures due to multiple mechanisms related to solute drag created by the dispersion [6] . If a nanocrystalline copper-tantalum powder can be consolidated using cold spray this not only offers a route to preparation of bulk copper-tantalum, it also offers a route to additive manufacturing of nanocrystalline metals [7, 8, 9] . One approach to preparing bulk material with nanocrystalline microstructures is to use the cold spray process to consolidate a feedstock powder containing a nanocrystalline microstructure. Preparation of micron size powder containing a nanocrystalline microstructure by ball milling under liquid nitrogen (LN 2 ) is well known [5, 2] . Ajdelsztajn has shown previously that cold spray can be used to successfully consolidate LN 2 ball milled powders containing a nanocrystalline microstructure (10-30 nm grain size) [11] .
Cold spray is a well-known coating process in which a metal feedstock powder is sprayed at high velocity (~ 1000m/s) and low temperature (<100°C) [12] . A cold spray torch consists of a converging-diverging nozzle, a gas control system, a powder feed system, and a gas heater. Feedstock powder is injected into a high pressure (> 200psig) He or N 2 gas flow just upstream of a converging-diverging nozzle. The powder is entrained in the gas stream and reaches supersonic velocities as it travels through the nozzle. The propulsion gas stream is often heated to moderate temperatures (< 600°C) in order to increase the sonic velocity of the gas and thus increase the particle velocity. Heating of the propulsion gas typically does not result in significant powder heating [13] . Upon impact with the substrate the metal powder experiences significant mechanical deformation. This deformation forms an adiabatic shear instability at the particle-substrate contact which breaks surface oxides, induces shear at the particle-substrate interface, and ejects material from the particle-substrate interface [16, 19, 20, 21, 22] . Shear processes at particle/particle and particle/substrate interfaces result in solid-state metallurgical bonding [15 19,20,21,22] . High shear also results in significant plastic deformation of the impacting particle and the substrate surface [15, 16, 17, 19, 20, 21, 23] . As subsequent particles impact and consolidate a coating or bulk shape is formed [14, 15, 16] . Process vectors for cold spray are well understood. As particle velocity increases deposition efficiency, coating density, residual stress, and coating adhesion strength all increase [13] .
Mechanical properties of both the substrate and the impacting particle significantly affect the total energy required for deposition and affect the deposit characteristics. Multiple computational studies show that critical velocity (velocity where there is sufficient kinetic energy for particle adhesion) is inversely dependent on particle density [19, 24, 25, 26] . As density increases critical velocity is expected to decrease, all other properties remaining constant. Other studies show that deformation need not take place throughout the impacting particle for bonding to occur. Ultrafine grained regions have been observed in the particle boundaries of cold spray deposits suggesting that high sheer is needed to enable bonding but that the entire particle need not sheer [19, 21, 22, 23, 27] .
The mechanisms responsible for nanocrystal formation during the ball milling process are also well understood. Fecht [11] explains that nanocrystals form during severe plastic deformation in three stages. Initially high density arrays of dislocations are formed. As plastic deformation continues these dislocations annihilate and recombine forming sub-grains with low angle grain boundaries. Further deformation causes the sub-grains to rotate forming high angle grain boundaries.
Work reported here clearly demonstrated that cold spray can be used to refine the microstructure of an ultrafine-grained (100's of nm grain size) powder and consolidate it to create a homogenous nanocrystalline (20-40nm) microstructure [17] . When compared to the work of Ajdelsztajn which shows that the cold spray process can be used to consolidate nanocrystalline aluminum without causing recrystallization it illustrates the flexibility of the cold spray process. This flexibility is typical of spray processes and highlights the need to further understand the process-microstructure-property relationships in nanocrystalline cold spray coatings. The cold spray process is likely an extremely controllable method for preparing metal coatings and bulk metal shapes with homogenous nanocrystalline microstructures. If grain refinement in the cold spray process is occurring by the mechanism proposed by Fetch [5] cold spray should be capable of preparing nanocrystalline microstructures from almost any sprayable metal feedstock [18] .
MATERIALS AND METHODS
All Copper Tantalum powders were made by liquid nitrogen ball milling (cryomilling) Metco 55 Copper and Amperit 150.074 Tantalum powders. Cryomilling was conducted with the intent of preparing a powder containing 90 atomic %Cu and 10 atomic %Ta based on [6] . All cyromilling was conducted using an Attrition mill model 01-HD made by Union Process (Akron, Ohio). Each powder was first weighed out in the appropriate ratios for copper 10 atomic % tantalum. The powders were then treated with liquid nitrogen prior to being placed into the attrition milling vessel. The attrition milling vessel, rotator shaft and arms/paddles and milling media were also pretreated with liquid nitrogen. The cold powders were then placed into the stainless steel attrition milling vessel and yttria stabilized zirconia (YSZ) milling media was added to a level just above the stainless steel rotator arms/paddles on the milling shaft. Liquid nitrogen was then added to the vessel. The powder was then attrition milled at 400RPM for a proscribed time. Liquid nitrogen was repeatedly introduced into the vessel to maintain a constant level during the milling process. This general process is repeated in subsequent steps, each time stepping down the size of the milling media. Milling was started using 5mm for the proscribed time. The milling media was then removed via sieving and the procedure was repeated using 2mm, then 1mm, and finally 0.5mm YSZ milling media. Two batches of CuTa powder were ball milled. Both batches followed identical milling procedures with the exception of the proscribed milling time for each step. In the case of the first powder batch milling was conducted 2 hours at each media size. In the case of the second powder batch, milling was conducted for 4 hours at each media size.
All cold spray was conducted using a system that was designed and built by Ktech Corporation (Albuquerque, NM). The cold spray nozzle had a 1.6mm diameter throat, a 100mm long supersonic region, and a 6.35mm diameter exit orifice. Helium was used as the accelerating gas. All samples were prepared using a raster speed of 50 mm/s and a standoff distance of 35 mm. The cyromilled Cu-Ta powder was sprayed using a 1.72 MPa, 350°C accelerating gas flow. In all cases, the powder feed gas pressure was 5% higher than the accelerating gas pressure. Cold spray coatings 0.127 mm thick were successfully obtained by spraying onto 6061 Al substrates.
Diffraction-contrast imaging was performed with a Philips CM30 TEM operated at 300 keV. Z-contrast imaging was performed with an FEI-Titan G80-200 AC-STEM microscope operated at 200 keV. Chemical composition analysis was performed by energy dispersive spectroscopy (EDS) spectrum imaging.
All microprobe analysis was conducted using a JEOL JXA-8530F, Field Emission Electron Probe MicroAnalyzer operated at 20keV, with a 20nA, 300µm beam diameter. Each analysis matrix was 11 x 9 points with a 2.97 x 2.11 mm area for a total of 99 points.
RESULTS AND DISCUSSION
Analysis of Cryomilled Powder
X-ray diffraction data was collected from both the raw copper and tantalum powders as well as each of two batches of cryomilled copper-tantalum powder. That data is shown in Figure 2 and Figure 3 . The x-ray diffraction data confirm that the raw powders were copper and tantalum with no significant contaminates. Apparent peak broadening is visible in both batches of cryomilled powders, Figure 3 , suggesting that the powders are at least partially nanocrystalline. TEM images showing the powder microstructure in each batch of cryomilled copper-tantalum are shown in Figure 4 and Figure 5 . In both cases the TEM images show nanocrystalline copper interlaced with bands of nanocrystalline tantalum. This demonstrates that the cryomilling process imparted sufficient plastic deformation to the raw powders to cause grain refinement and create a nanocrystalline microstructure. It also shows that the copper and tantalum have not fully mixed. Specifically, a dispersion of tantalum clusters in copper similar to that reported by [6] is not present in either sample. A dispersion of tantalum clusters in copper is thought to be necessary to thermodynamic stabilization of copper-tantalum [6] . 
Analysis of Cold Spray Deposits
Despite imperfect mechanical alloying, both cryomilled powders were cold sprayed and copper-tantalum deposits were successfully prepared in both cases. SEM analysis was used to confirm that the copper-tantalum powder deposited on the substrate. Figure 6 shows an SEM image and four EDS maps of the copper-tantalum deposit prepared using the first batch of cryomilled powder. The deposit is primarily copper but contains discrete regions of tantalum. TEM images showing the coating microstructures are shown below. Importantly, a nanocrystalline grain structure is visible throughout both coatings. This demonstrates that the cold spray process did not cause recrystallization or grain growth in the copper-tantalum cryomilled powder. However, like the powders, the coating microstructure is a mixture of discrete nanocrystalline copper and nanocrystalline tantalum regions not a nanocrystalline dispersion of tantalum atomic clusters in a copper matrix. Figure 7 and Figure 8 show the cold spray deposit prepared using the first batch of cryomilled copper-tantalum powder. shows high resolution EDS analysis taken using the AC-STEM. These data show elemental maps of copper, oxygen, and tantalum in the copper rich region shown in Figure 7 and Figure 8 . Importantly, no clusters of tantalum are found in this microstructure. In fact it is predominately copper with very little tantalum present as shown by the EDS spectrum, Figure 10 . Figure 9 . The Tantalum peak, while real, is extremely small compared to the copper peak indicating that very little Ta is present in this region of the sample. Figure 11 and Figure 12 show the microstructure of copper-tantalum deposit prepared using the second batch of cryomilled powder. This sample exhibits significant lack of mixing. Discrete regions of copper, tantalum, and copper oxide are clearly present. Importantly, regions of nanocrystalline copper are intermixed with large ribbons of tantalum, Figure 12 , as confirmed by EDS mapping, Figure 13 . Interestingly, high resolution imaging of the tantalum ribbon indicates that it contains grains that are on the order of 100 nm in size, Figure 14 . Microprobe analysis was used to quantitatively determine the copper-tantalum ratio in both deposits. The deposit made using the second batch of cryomilled powder contained considerably more oxide than the first batch. The presence of copper oxide impacted the desired 90at%Cu-10at%Ta ratio and may have contributed to lack of dispersion formation. 
CONCLUSIONS
Nanocrystalline copper-tantalum powders were prepared by cryomilling and were consolidated successfully using cold spray deposition. Consolidation using cold spray did preserve the nanocrystalline structure in the cryomilled powders. This experiment was motivated by recent reports that nanocrystalline copper-tantalum powders prepared by cryomilling are thermodynamically stable. Importantly, thermodynamically stable coppertantalum powders, prepared elsewhere by cryomilling, contained a dispersion of tantalum atomic clusters in copper. This dispersion is thought to be critical to thermodynamic stability of nanocrystalline copper-tantalum. Microstructural analysis of copper-tantalum cryomilled powders and cold spray deposits shows that this dispersion was not achieved. However, despite the lack of a tantalum dispersion in copper, these initial experiments clearly demonstrate that solid-state consolidation of nanocrystalline copper-tantalum mixtures is possible without compromising the mixture's nanostructure using cold spray. This strongly suggests that a nanocrystalline copper-tantalum dispersion could be consolidated without compromising its nanostructure using cold spray.
